Indium tin oxide (ITO) thin films supported by polymer substrates have been widely used as transparent electrodes/interconnects in flexible electronics. Understanding the electro-mechanical behaviors of such material system is crucial for reliable operation of flexible devices under large deformation. In this paper, we performed in situ mechanical and electrical tests of ITO thin films with two different thicknesses (200 and 80 nm) deposited on polyimide substrates inside a scanning electron microscope. The crack initiation and propagation, crack density evolution and the corresponding electrical resistance variation were systematically investigated. It was found that cracks initiated at a higher tensile strain level and saturated with a higher density in thinner ITO films. Integrated with a coherently formulated mechanics model, the cohesive toughness and fracture strength of ITO thin films and the ITO/polyimide interfacial toughness were quantitatively determined. The experimentally observed thickness dependence of the saturated crack density in ITO thin films was also quantitatively verified by the model. V C 2011 American Institute of Physics.
I. INTRODUCTION
Flexible electronics, e.g., paper like displays, printable thin-film solar cells, and skinlike smart prostheses, are attracting enormous interests due to their large deformability, light weight, large surface areas, and low cost. [1] [2] [3] [4] The desirable attributes of flexible electronics result from new choices of building block materials (e.g., organic/inorganic hybrids) and manufacturing method (e.g., roll-to-roll printing). 1 For example, ITO thin films on polymer substrates are widely used as transparent conductors and interconnects in flexible displays. While compliant polymer substrates can sustain large strain, ITO thin films are brittle and often fracture at small strain. The cracking of ITO conductors and interconnects leads to loss of electrical conductance, posing crucial challenge to the reliability of flexible devices. In this paper, we report a coherent study integrating in situ electro-mechanical experiments and mechanics modeling to decipher the failure mechanics of ITO thin films on polyimide substrates under tension. Our in situ tensile tests inside a scanning electron microscope (SEM) reveal real time details of crack initiation and propagation, crack density evolution, and associated resistance variations in thin ITO conductors on polyimide substrates. Our mechanics model offers quantitative determination of critical mechanical properties (ITO cohesive toughness, fracture stress, and ITO/polyimide interfacial toughness) from the experimental data and explains the thickness dependence of crack density evolution in ITO conductors.
Fracture of thin brittle films on rigid substrates (e.g., Si) has been a focused topic in the discipline of materials science and mechanics in the past two decades, largely originated from the context of microelectronics. [5] [6] [7] [8] [9] These studies shed important lights on but cannot fully capture the characteristics of the fracture mechanisms of thin brittle films (e.g., ITO) on polymer substrates used in flexible electronics. For example, ITO is more than two orders of magnitude stiffer than typical polymers (e.g., polyimide), while electronic materials in microelectronics have comparable stiffness. Furthermore, flexible devices are often subject to deformation (up to 10%) much larger than what traditional microelectronic devices typically undergo (<1%). These two distinctions cause the material response of ITO thin films on polymer substrates different from that of brittle films on rigid substrates, which therefore requires new efforts to describe its characteristics. A growing literature exists on the rupture of thin metal films on polymer substrates. [10] [11] [12] [13] [14] [15] [16] [17] Metal film necking and metal/ polymer interfacial delamination have been shown as the major fracture mechanisms. Unlike the ductile failure of thin metal films on polymer substrates as a result of diffusive necking, the fracture of brittle ITO thin films on polymer substrates results from channel cracking, which in turn often interplays with the delamination along the ITO/polymer interface. Existing studies on the brittle fracture of ITO thin films on polymer substrates under tension include the fragmentation tests in which the crack density evolution as a function of the applied strain is monitored. 18, 19 The cohesive toughness of the ITO films and the adhesive toughness of the ITO/ polymer interface can be estimated based on the experimental data from fragmentation tests. 20 The variation of electrical resistance due to ITO cracking has also been studied. [21] [22] [23] Other mechanics models investigate the effect of the large film/substrate stiffness ratio on the cracking of thin brittle films on compliant substrates.
In this paper, we perform in situ mechanical and electrical tests of ITO thin films deposited on polyimide substrates inside SEM, in which both the evolution of the crack density in ITO thin films and the resulting variation of the electrical resistance of the ITO thin films are monitored real time as a function of applied tensile strain. Simultaneous in situ mechanical and electrical tests are of particular importance to correlate crack initiation and propagation with its resistance change, and to avoid the unloading-induced partial or full closure of cracks in the ITO thin film in ex situ tests. We further conduct mechanics modeling to simulate the tensile failure process of ITO thin films on polymer substrates, and apply the model to the experimental data to compute the critical but hard-to-measure properties, such as the cohesive toughness and fracture strength of the ITO thin films and the adhesive toughness of the ITO/polyimide interface. The mechanics modeling suggests that the saturation of crack density in ITO thin films results from the decrease of the tensile stress in ITO below its fracture strength as the ITO/polyimide interfacial delamination advances, which agrees with experimental observation.
II. MATERIAL AND EXPERIMENTAL METHOD
A. Sample preparation ITO thin films were deposited on polyimide substrates (Dupont Kapton 50NH, 12.7 lm in thickness) by E-beam evaporation. The resulting ITO/polyimide laminates were then cut into rectangle strip samples for in situ tests, with gauge length $13 mm and width $3 mm. Mixed ITO powder (In 2 O 3 and SnO 2 , weight ratio of 90%:10%, density of 7.14 g/cm 3 ) was used as the evaporation sources in a Sharon E-beam evaporator. The deposition rate was kept at 1$3 Å /s and chamber pressure was at $1 Â 10 À5 Torr. Before loaded into the chamber, polyimide substrates were cleaned in an ultrasonic cleaner for ten mins with acetone and ethanol and then dried with nitrogen gas. The thickness of ITO thin films were determined by an atomic force microscope (PicoPlus AFM, Agilent Inc.), using the contact mode. Samples with two ITO film thicknesses (200 nm and 80 nm) were tested in SEM.
B. In situ mechanical and electrical tests
The in situ tensile tests were performed using a microtester (Deben UK, Ltd.) inside the SEM chamber (FEI Quanta 400 high resolution field emission scanning electron microscope, FEI company, Hillsboro, OR). The maximum force and displacement capacities of the micro-tester are 200 N and 10 mm, with resolution of 0.01 N and 0.001 mm, respectively. The uni-axial tensile tests were conducted under displacement control, and the strain rate was controlled to be around 10 À4 /s. The increase of applied tensile strain was paused at certain preset strain values to allow for high resolution SEM imaging at different locations along the sample length. The electrical resistance of the samples was measured by two point probe method using a Keithley 2000 multimeter during the tensile test.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. In situ SEM observation of crack initiation and propagation in ITO films
From in situ SEM observation, the unloaded ITO thin films were smooth, without any appreciable cracks. As the tensile strain increased to a threshold value (e.g., 1.59% for 80 nm thick ITO films), small channel cracks started to initiate at certain locations in the ITO film and then grew along the sample width direction (perpendicular to the tensile load direction). Fig. 1 illustrates the typical process of crack initiation and propagation as the tensile load increases. Here, the ITO film thickness is 80 nm. For example, a crack tip was found near the top edge of the blue rectangle box in Fig. 1(a) at the tensile strain of 3.68% and this crack propagated downward and advanced outside of the same blue rectangle box at the tensile strain of 4.70% [ Fig Note the obvious delamination along the ITO/polyimide interface near the edges of the ITO fragments.
To quantitatively characterize the ITO cracking under tensile strain, we define the crack density as the number of channel cracks in ITO film per unit length in the tensile load direction. In all data reported hereafter, the crack density of the samples is calculated as the average of crack density values obtained from at least three SEM images of the cracked ITO thin film in different random locations. Figure 3 plots the crack density in an 80 nm thick ITO film on a polyimide substrate as well as the resulting resistance variation of the ITO thin film as a function of the applied tensile strain. As shown in Fig. 3 , once the onset of crack initiation starts, the crack density first increases significantly as the tensile strain increases, and then gradually saturates at about 190 mm À1 as the tensile strain approaches to 5.85%. Also evident in Fig. 3 , the electrical resistance of the ITO thin film remains nearly unchanged when the applied tensile strain is relatively small. For example, when compared with the as-fabricated ITO film, there is less than 2.5 times increase in resistance for a tensile strain less than 3%. In other words, the ITO thin film remains electrically conductive when subject to a modest elongation. As the applied tensile strain further increases, the ITO electrical resistance first rises gradually, and then shoots up dramatically as the tensile strain approaches the value at which the crack density saturates. Such a correlation between the evolution of crack density and the change in electrical resistance in the ITO thin film under tension can be explained as follows. At the onset of crack initiation, many channel cracks start to nucleate but have not fully propagate through the whole sample width. As a result, the electrical conductance of the partially cracked ITO film remains nearly unchanged as a current can percolate through the whole ITO conductor. As the applied tensile strain increases modestly, the short channel cracks nucleated in the ITO thin film start to advance through the width of the samples, but the opening displacement of these channel cracks is relatively small, as evident by the rather thin crack lines in the SEM images [e.g., Figs. 2(b) and 2(c)]. When the crack opening is small, the local irregularity of the macroscopically straight channel cracks (e.g., the zigzag grain boundaries in the ITO thin film) may keep the ITO fragments in contact at certain locations in the wake of the channel cracks, and it is also likely that at certain locations the channel cracks have not fully developed to reach the ITO/polyimide interface thus the ITO thin film is not completely fragmentized. As a result, the ITO thin film remains conductive and its electrical resistance only increases modestly. As the applied strain further increases, channel cracks in the ITO thin film are fully developed, resulting in larger cracking opening [as shown by the thicker cracking lines in Figs. 2(d)-2(f) ]. Our further measurements of the total crack length and crack opening in the ITO thin film as a function of the applied strain further confirm the above explanation. That is, the total crack length increases drastically at small strains (corresponding to channel crack initiation) and such increases in total crack length diminish significantly (corresponding to the fully developed channel cracks) when the applied strain is beyond about 4% (at which the ITO resistance starts to increase dramatically). Further increase of the ITO resistance is shown to be consistent with the continuously increasing crack opening.
Also as evident in Fig. 2 (f) and further predicted in the simulations, the ITO fragments partially delaminate from the polyimide substrate. Consequently, the conductance of the ITO thin film is nearly cutoff. As to be further explained later, the interfacial delamination mitigates the tensile stress transferred from the substrate to the ITO film, therefore prevents further initiation of channel cracks, resulting in the saturation of the crack density.
C. Thickness dependence of crack density in ITO thin films Figure 4 plots the crack density in the ITO thin films as a function of applied tensile strain for film thickness of 200 nm and 80 nm, respectively. For each thickness, two samples were tested. It was found that the crack initiation in a thicker ITO film occurs at relatively smaller applied tensile strain than that for a thinner ITO film. However, the saturated crack density of the thicker ITO film is lower than that of the thinner ITO film. Assuming a brittle nature of ITO film fracture, the critical tensile strain to initiate cracking in an ITO thin film scales inversely with the square root of the length of the largest pre-existing defects in the film. For a thicker ITO film, it is more likely to have larger initial defects (e.g., voids, missing grains, or embrittled grain boundary during deposition), and therefore, entails a relatively lower onset strain of crack initiation. The thickness dependence of the crack density will be explained in detail later in Sec. IV through a fracture mechanics analysis.
IV. MECHANICS MODEL AND RESULTS
We next establish a mechanics model to use the in situ experimental data of ITO crack density evolution to compute the critical but hard-to-measure properties of the ITO/polymer laminates, such as the cohesive toughness and fracture strength of the ITO films and the adhesive toughness of the ITO/polyimide interface. We also offer a mechanistic understanding of the thickness dependence of the saturated ITO crack density. Figure 5 depicts the finite element simulation model. Under tension, a thin blanket ITO film on a polymer substrate is subject to channel cracking [ Fig. 5(a) ]. For simplification, we assume the channel cracks in ITO are uniformly spaced (i.e., the crack density is given by 1/s, where s is the width of ITO fragments). The ITO/polymer laminate is taken to deform under the plane strain conditions. Taking advantage of symmetry we model only a unit cell of the laminate, consisting of a half of the ITO stripe between two neighboring channel cracks and the substrate underneath [ Fig. 5(b) ]. In the simulation model, the film is a layer with thickness h, and the substrate is a block with thickness 1000h and length s/2. Symmetric boundary condition is set for the left edge of the unit cell and a horizontal displacement u is set along substrate portion of the right edge of the unit cell. The quantity 2u=s defines the applied strain.
A. Simulation model
Both the ITO film and the polymer substrate are modeled as linear elastic materials with Young's modulus of 140 GPa and 2 Gpa, respectively, and Poisson's ratio of 0.3 and 0.4, respectively. The linear elastic assumption is reasonable for the ITO film but has some limitations for the polymer substrate whose impact on modeling results will be discussed in detail later in the paper.
The channel cracks lead to stress concentration in the substrate near the channel roots, which could be severe enough to cause delamination along the ITO/polymer interface, as also evident in the in situ experiments. To simulate the cracking-induced interfacial delamination, the ITO/polymer interface is modeled as an array of nonlinear springs, which is characterized by a tensile and a shear traction-displacement law, with six parameters: interfacial tensile strength r n and shear strength r s , critical opening displacement d n and sliding displacement d s , and the areas under the traction-displacement curves C n and C s (i.e., the normal and shear adhesion energy of the ITO/polymer interface, respectively), as illustrated in Fig. 5(c) . We assume that r n ¼ r s , d n ¼ d s and C n ¼ C s . In all simulations, r n ¼ 500 MPa and d n ¼ 0.5 nm. The interfacial toughness C n is varied to fit the crack density versus applied strain curve from in situ experiments. The ITO/polymer interface is meshed with four-node cohesive elements sharing nodes with the neighboring elements in the film and the substrate. The viscous regularization option in finite element codes ABAQUS is used for the cohesive elements to enhance the computation convergence.
B. Modeling strategy and results
When a freestanding ITO thin film is subject to tension, it fractures by a single channel crack running through its width. Supported by a polymer substrate, the tensile fracture of the ITO thin film involves the initiation and propagation of multiple channel cracks, and the subsequent increase and saturation of the crack density as the applied tension increases, as observed in experiments. The increase of crack density is due to the transfer of tensile load from the polymer substrate to the ITO film through the interface. The brittle nature of the channel cracks in ITO thin film leads to severe stress concentration in the substrate near the channel roots that can cause delamination along the ITO/polymer interface. As the delamination initiates and propagates along the interface, the tensile load transferred from the polymer substrate to the ITO film decreases. If the delamination length is sufficiently large, the maximum tensile stress in the ITO film drops below the ITO fracture strength. As a result, no further channel cracks can be initiated in the ITO film. In other words, the crack density in the ITO film saturates.
ITO/polyimide interfacial toughness and ITO fracture strength
Based on such an understanding, we apply the following modeling strategy in the simulations. For a given crack density versus applied strain curve from in situ experiments (e.g., Fig. 4) , the crack density corresponding to the channel crack onset strain (e.g., 10/mm at 1.59% for 80 nm thick ITO film) defines a FEM simulation model with width of 50 lm [e.g., Fig. 5(b) ]. An ITO/polymer interfacial toughness (i.e., C n ) is assigned for the traction-displacement law of the interface. This unit cell model is stretched to the channel crack onset strain. The maximum tensile stress in the ITO, which occurs at the ITO portion of the left edge of the unit cell, is obtained. Given the brittle nature of the fracture of the ITO thin film, such a tensile stress indicates the ITO fracture strength, above which channel cracking occurs. A series of FEM unit cell models are then built with widths corresponding to the crack density values in the same experimental curve. Each simulation model is then stretched to a certain applied strain at which the maximum tensile stress in the ITO thin film reaches the ITO fracture strength determined from the first simulation model (i.e., right before next channel crack initiates). Although the subsequent crack initiation is not simulated directly, the modeling strategy adopted here can still reasonably capture the underlying failure mechanism, given that the brittle nature of the crack initiation and propagation (e.g., as shown in Fig. 1 ). The corresponding crack density versus applied strain curve based on the above simulations is then plotted together with that from the in situ experiment for comparison. The value of C n in the traction-displacement law of the ITO/polyimide interface is then varied, and the above simulation procedure is repeated until the best fit between the simulation and experiment curves is reached. The corresponding value of C n and maximum tensile stress in the ITO thin film are defined as the ITO/polyimide interfacial toughness and the ITO fracture strength, respectively. 1.7 GPa for 200 nm thick ITO film, respectively. As shown in Fig. 6 , the simulation curves can fit the experiment curves quite well until a certain applied strain. When the applied strain further increases, the maximum tensile stress in the ITO film cannot reach the ITO fracture strength, therefore no further channel crack can be initiated. In this sense, the simulation model underestimates the saturated crack density. Such a discrepancy in saturated crack density between the modeling and the experiment results can be attributed to the assumption of elastic behavior of the polymer substrate. In reality, the polymer substrate yields and deforms plastically if the applied tensile strain exceeds a critical value. The linear elastic assumption for the polymer leads to an overestimated tensile stress in the substrate. As a result, under a given applied tension, the length of the delamination along the ITO/polymer interface is also overestimated due to the increased stress concentration at the delaminating front. Consequently, the tensile stress transferred to the ITO thin film is underestimated, leading to a prediction of saturated crack density lower than that measured in the in situ experiments. Nonetheless, those predicted values from the simulations offer estimates of the lower bounds of the ITO/polyimide interfacial toughness and ITO fracture strength, which agree with the results from other recent experiments. Figure 7 (a) plots the variation of the tensile stress in the 80 nm thick ITO thin film as a function of the relative location in a unit cell model, at various applied strains. When the applied strain is small, the distribution of the tensile stress is rather uniform in majority part of the ITO thin film except the portion near the channel crack. As the applied strain increases, interfacial delamination initiates and propagates. As a result, the tensile stress transferred to the ITO thin film is reduced, leading to a rather nonuniform distribution of the tensile stress in the ITO thin film, with the highest level at the center of the ITO fragment and gradually diminishing to zero in the delaminated portion. Figure 7 (b) further plots the delamination length normalized by the ITO fragment width as a function of applied strain, for both 80 nm and 200 nm thick ITO films, respectively, which clearly shows the advance of interfacial delamination, and therefore the underlying mechanism for the saturation of crack density in polymer-supported ITO thin films under tension. 
ITO cohesive toughness
Given the brittle nature of the ITO thin film fracture, the cohesive toughness of the ITO thin film is defined as the energy required for propagating channel crack to generate new crack surface of unit area. The detailed shape and deformation state near the channel crack front can be rather complicated, and hard to predict. By contrast, far ahead and far behind the channel crack front, the structure can be taken to deform under the plane strain conditions. Since both ITO and polymer are assumed to be linearly elastic at the channel crack onset strain, the driving force for the channel cracking can be calculated by the elastic energy stored in a slice of ITO/polymer laminate of unit thickness far ahead of the channel crack front minus the elastic energy stored in a slice of ITO/polymer laminate of unit thickness far behind the channel crack front. In the simulation, the widths of these two slices of ITO/polymer laminate are set to be the reciprocal of the crack density corresponding to the crack onset strain in the in situ experiment. The slice far ahead of the channel crack front has a continuous ITO thin film, while the slice far behind has a channel crack in the middle of the ITO thin film. Each slice is subject to an applied strain equal to the crack onset strain, and the resulting strain energy is calculated in ABAQUS. Applying the above simulation strategy to the experiment results, we obtain a cohesive toughness of 42. The thickness dependence of the saturated crack density in polymer supported brittle films has been observed in previous studies. 28 A few mechanics models have been considered to explain such thickness dependence. 29 A consideration of the force balance of an ITO fragment at the saturation limit gives s ¼ 2h ITO r=s cr , where s is the interfacial shear stress, h ITO is the ITO film thickness, r is the tensile stress in ITO film and s cr is a length close to the ITO fragment width at the saturation limit (i.e., 1/s cr approximately denotes the saturated crack density). A fracture mechanics based dimensional consideration leads to r / ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi C ITO =h ITO p , where C ITO is the cohesive toughness of the ITO film. Given that the same fabrication conditions in depositing ITO films of different thickness on the same polymer substrate, it is reasonable to assume similar interfacial properties in different samples (e.g., as evident by the similar interfacial toughness values predicted above). In other words, the interfacial shear stress s remains to be constant. The above analysis yields that the thickness dependence of the saturated crack density takes the form of ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi C ITO h ITO p =s cr % constant. Using the ITO cohesive toughness obtained in Section IV B 2 and the saturated crack density data from in situ experiments, the value of ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi C ITO h ITO p =s cr for h ITO ¼ 80 nm agrees with that for 200 nm within about 10%. This good agreement confirms the above mechanics understanding of the thickness dependence of the saturated crack density in polyimide supported ITO thin films.
V. CONCLUSIONS
In summary, we reported a coherent study integrating in situ electro-mechanical experiments and mechanics modeling to decipher the failure mechanics of ITO thin films on polyimide substrates under tension. Our in situ tensile tests inside SEM reveal real time details of crack initiation and propagation, crack density evolution, and associated electrical resistance variations in thin ITO conductors on polyimide substrates. The corresponding mechanics model offers quantitative determination of critical mechanical properties (ITO cohesive toughness, fracture stress, and ITO/polyimide interfacial toughness) from the experimental data and explains the experimentally observed thickness dependence of crack density evolution in ITO conductors. While the understanding from the two dimensional model used in this paper sheds light on the governing failure mechanisms of the ITO/polymer structure (i.e., ITO channel cracking versus ITO/polymer interfacial delamination), further studies such as three dimensional modeling are necessary to capture the detailed interplay of these two governing failure mechanisms.
